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ABSTRACT 

The mechanical properties of polyurethane solid propellant are de- 
graded significantly by irradiation dosages greater than loG rads. Four 
mechanical tests that provide sufficient data to characterize the de- 
gradation are described. These tests consist of ( l ) swelling, ( 2 ) torsion, 
( 3 )  uniaxial tension, and (4) multiaxial tension and compression. The 
experimental data are characterized in terms of average molecular 
weight between cross-links ( M , ) ,  percent sol, small-strain shear mod- 
ulus, tension modulus, and strain energy for increasing irradiation 
dosage. Comparisons between the various test data provide insight 
into the underlying effects of mechanical property degradation. Con- 
clusions obtained in this study indicate that (1) the usefulness of M ,  
is questionable with regard to defining ionizing radiation degradation 
in a composite propellant such as polyurethane, ( 2 )  the torsion test is 
a simple and expedient method that may be used to study irradiated 
propellant quantitatively, ( 3 )  certain aspects of the kinetic theory of 
rubber elasticity are not quantitatively applicable to polyurethane pro- 
pellant, and (4 )  the degradation response of irradiated propellant 
obtained from a uniaxial tension test typifies the degradation response 
of irradiated propellant obtained from multiaxial tests. J Go e 

1. INTRODUCTION 

Space missions are inherently subjected to a radiation 
environment (Ref. l ) , I  e.g., accumulative long-term stor- 
age in space. Consequently, the effects of irradiation 
upon the mechanical properties of solid propellant should 
be characterized. In this Report we attempt to describe 
the mechanical behavior of an ammonium perchlorate 

'Numbers in parcntheses indicate References at the end of the 
Report. 

polyurethane propellant at various stages of degradation 
due to gamma irradiation. 

The mechanical properties, in the structural sense, are 
defined as the functional relationship between stresses 
and strains. Strain energy (Ref. 2) is one such function 
that is applicable to describe the clastic response (anal- 
ogous to that of a mechanical spring) of a homogeneous, 
isotropic material. The presumption of any such function 

1 
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is that an experimental method exists that is capable of 
measuring both the triaxial strains and stresses within a 
point region for some environment. From the molecular 
point of view, stress may be considered as the resultant 
of the Brownian motion of the molecules, as well as of 
the physical interactions between the molecules them- 
selves, i.e., the sliding of molecules over each other. On a 
simple macroscopic scale, stresses for a composite propel- 
lant are distributed in some complex manner within the 
elastomer binder, the filler, and some boundary layer 
between the filler and elastomer. More specifically, a 
cross-linked polymeric binder, a crystalline oxidizer, and 
a metallic powder are all interacting in some manner. 

For study on a microanalytical level, it is convenient 
to assume that the binder is made up of a triol cross- 
linked network (Ref. 3) such as the one illustrated in 
Fig. 1. Note that the oxidizer crystals are relatively so 
large that they would appear as a plane surface in this 
figure. 

For such a model network it is convenient to visualize 
stress distributions in a manner similar to that used in 
frame structural analysis. I t  is evident that if structural 
members (molecules) are removed or severed from the 
network at random, then the remaining members will 
strain further to compensate for the increased member 
loads. The over-all structural strain energy required for 
the same deformation would be expected to decrease 
with removal of structural members. One effective 

A TMP P A  
AVERAGE PARTICLE SIZE 

OF AP 1000 TIMES LARGER 
THAN AVERAGE CHAIN OF 

Fig. 1. Assumed cross-linked propellant-binder structure 

2 

method for removing structural members from the build- 
ing network (binder) is to expose polyurethane to ionizing 
radiation. 

Radiation damage in polymers results from the forma- 
tion of foreign compounds in the material (Ref. 4). As 
energy packets traverse a material, they transfer energy 
to the electrons and nuclei of individual atoms in quan- 
tities sufficient to break the bonds or linkages which bind 
the atoms into molecular groups. Following the passage 
of the radiation particle, the fragments of the disrupted 
molecules react chemically to form compounds which 
differ from those originally present. The concentration of 
these impurity compounds increases with an increasing 
amount of radiation and results in a correspondingly 
greater change in the material's properties (Ref. 5). Chain 
scission occurs when there is a rupture of the primary 
valence link in the backbone chain of the polymer mole- 
cule. 

It has been repeatedly confirmed that the major reac- 
tions in polymers, whether produced by fast electrons, 
X-rays or gamma rays, or mixed radiation including neu- 
trons from atomic reactors, depend primarily on the total 
energy absorbed and sometimes on the radiation inten- 
sity, but rarely if ever on the type of radiation or its 
source (Ref. 6). Thus the irradiation damage discussed 
in this Report should be descriptive of damage due to 
radiation fields in general. The radiation dose unit used 
in this Report (rad) is defined as the absorption of 100 ergs 
of energy from the radiation particles per gram of 
material. The rad specifies only an amount of absorbed 
energy irrespective of the material, and hence cannot be 
used to describe a radiation field (Ref. 5) .  

It has been stated (Ref. 7) that radiation increases the 
sensitivity of explosives but that preignition or detonation 
will not occur. Only in rare cases has nuclear radiation 
been known to initiate explosives. Some explosives de- 
crease only slightly in explosive efficiency and/or sensi- 
tivity, whereas others fail to perform their functions as 
primers or detonators. Propellants can be expected to 
follow the general trend of explosives. 

Response of a polymer to irradiation (Ref. 8) may be 
described in two ways: (a) cross-linking of the polymer 
chains increases cross-link density, i.e., increases the num- 
ber of network chains, and (b) scission of the molecular 
chains decreases the number of network chains, resulting 
in an increase in the average molecular weight between 
cross-links, M , .  Both processes occur simultaneously in 
many polymers, and the classification depends upon 
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which is predominant. Polyurethane rubbers are, as a 
class, among the most resistant rubbers (Ref. 9). 

function of the binder. In compression the extreme possi- 
bility would be that of a foam response of the propellant. 
However, it is believed that before any such mechanical 
degradation could occur, the ballistic characteristics of 
the propellant would have significantly deteriorated. Cur- 
rent state-of-the-art studies with irradiated propellant 
may be found in Ref. 10 to 14. 

The oxidizer (ammonium perchlorate) and the alumi- 
num filler degrade to a lesser degree than does the binder 
(Ref. 10). In any event the mechanical strength, except 
in compression, of a composite propellant is primarily a 

II. THEORETICAL CONSIDERATIONS 

The characterization of irradiation damage should in- 
herently be based on molecular phenomena. A possible 
theoretical basis may be founded on the kinetic theory of 
rubber-like materials (Ref. 15). This theory assumes that 
the elastic properties of a cross-linked binder are a func- 
tion of the entropy decrease caused by boundary restraints 
via a statistically probable array of the cross-links. One 
basic assumption in this theory requires that the stress- 
temperature relationship of a medium should be primarily 
a function of entropy (to neglect the change in elasticity 
due to the internal energy contribution). It can be shown 
that a necessary result of this assumption is that the 
equilibrium stress (stress after essentially complete relax- 
ation) must vary in direct proportion to the temperature. 
It is noted that this condition has not been verified for 
polyurethane propellants (Ref. 16, 17); i.e., they do not 
appear to exhibit this peculiar stress-temperature phe- 
nomenon. On the other hand, one would expect the 
unfilled binder to exhibit the direct stress-temperature 
relationship (Ref. 18). The theory also lends itself to ele- 
ments of structural theory, such as strain energy and 
modulus. Thus, there would be merit in establishing the 
usefulness of the kinetic theory with regard to composite 
solid propellants. 

A popular experiment associated with the kinetic theory 
of rubber-like elasticity consists of observing swelling 
phenomena (Fig. 2) .  The degree of cross-linking (Ref. 
19, 20) relating to swelling may be approximated by 

Various corrections should be applied to Eq. (1) to 
account for the filler content (Ref, 21 to 23). The object 

Fig. 2. Swelling phenomenon of propellant in benzene 

is to obtain information regarding the number of cross- 
links in the binder network, hence a direct measurement 
of irradiation damage in the binder. The most influential 
correction to Eq. (1) is concerned with the filler-solvent 
correction factor. This accounts for the separation of 
the filler from the binder and the imbibition of “excess” 
swelling solvent. Figure 3 illustrates the complete de- 
wetting of the oxidizer-binder surface and the associated 
swelling fluid (benzene) voids. 

Equations (2) and (3) are the corrected values of v2  and 
z)(, that may be used (Ref. 24) in conjunction with Eq. (1). 
These equations correct for the fluid voids and are valid 
only if there is an isotropic oxidizer-binder separation. 

An analogous set of equations (2a and 3a) is here pro- 
posed to estimate v 2  and v(,. These equations allow com- 
putations to be made when only the weights and densities 

3 



JPL TECHNICAL REPORT NO. 32-518 

Fig. 3. Isotropic dewetting of propellant 

are known for the binder (bi), propellant (pro), oxidizer 
(ox), and solvent. The validity of Eq. (2a) and (3a) has 
not been established. 

r wt%bi 1 
pb I 

wt%bi wt%ox -+- 

r wt%bi 1 
pbi  + ws - w, 

The apparent molecular weight M ,  obtained from 
Eq. (1) may be used via the kinetic theory to obtain the 
binder tensile modulus E, 

4pRT M, - 
EO (4) 

Therefore, it is observed that the modulus-degradation 
relationship may be obtained from a swelling experiment 
utilizing the kinetic theory. The modulus thus obtained 
could presumably be compared with that obtained in any 
other fashion (a tension test) and thus establish the credi- 
bility of the procedure. 

A problem arises in relating the modulus of the unfilled 
binder to that of the filled binder. The addition of filler 
increases the modulus in some unknown fashion. Various 
relationships have been proposed (Ref. 23, 25, 26); how- 
ever, there currently appears to be a controversy as to 
what the functional relationship between the moduli 
should be. In any event, an approximate relationship 
appears to be described by 

It appears that E = 20E, for the polyurethane propellant 
in this study. 

A swollen cross-linked polymer consists of two phases. 
The first phase, called the sol fraction s, is made up of the 
molecules which were linked together to form branched 
molecules of finite size. The second phase, called the gel 
fraction, consists of the molecules which have been linked 
together to form a three-dimensional network polymer of 
unlimited size. 

The sol fraction characterizes the result of the radiation 
upon cross-links because it increases when degradation 
or chain scission occurs. This sol fraction s is calculated by 

A torsion apparatus may be used to measure an approx- 
imate initial shear modulus G. Such an apparatus may be 
constructed to the specifications of ASTM standards (Ref. 
27); the basic theory is formulated in Ref. 28. The shear 
modulus obtained from such an apparatus can be calcu- 
lated from 

(7) 
K(180 - $)L 

cd3u$ G =  

If an infinitesimal Poisson’s ratio of the order of 0.5 is 
accepted as a fair approximation for propellant, then an 
initial modulus E can be computed from elasticity theory 
since 

E x 3 G  (8)  

The uniaxial tension experiment is widely used because 
of its simplicity. The test consists of subjecting a JANAF 
specimen to uniaxial stress, T ~ ~ .  The longitudinal strain ell 
and lateral strains E?? = cS3 are measured in some manner, 
e.g., by measuring point displacements with a 70-mm 
camera. It is very difficult to measure an initial modulus 
with this test because of the uncertainty in the strain 
measurement for small strains. 

4 



It should be recognized that different investigators may 
read different significance into the uniaxial stress-strain 
curve. Disagreements arise concerning the effects on 
physical properties because of stress and strain rates, 
dewetting, reversibility, compression, triaxial extrapola- 
tion, creep, relaxation, healing, breaking, maximum stress, 
or strains and shifts. In any event, the uniaxial stress- 
strain curve is recognized as a permanent fixture in any 
mechanical property study. In this paper the immediate 

under the curve and to the initial modulus. The signifi- 
cance of the area under the stress-strain curve will be 
based on the following considerations: 

interest in stress-strain curve is confified to t]ie 

1. Reversibility of the stress-strain relationship can be 
obtained experimentally within 10% for at least two 
cycles up to 18% strain. 

2. Creep is negligible during the cycling. 

3. Relaxation is negligible during the cycling. 

4. Dewetting is negligible to 10% strain (short time) 
and does not contribute to more than 20% “unload- 
ing” at 18% strain (short time). The over-all de- 
wetting does not contribute more than 10% error 
to the “true” area under the stress-strain curve 
during the cycling. 

5. Healing occurs at a similar rate as dewetting during 
the unloading portion of the cycle. 

Uniaxial strain energy W, is defined here as 

For any given stress-strain curve, the area under the 
curve can be an approximate value for W,. Noting the 
above restrictions, a 10% correction factor can be added. 

The second problem that arises is a definition of modu- 
lus. In the classical sense, modulus is stress divided by 
strain. For a nonlinear material such as polyurethane pro- 
pellant, its value changes from point to point. One useful 
modulus is the tangent modulus E,, which is defined by 
the tangent to the stress-strain curve. The tangent mod- 
ulus is defined as 

da Et = - d€ 

In the region of small strains the tangent modulus ap- 
proaches the initial linear modulus. If the theory of 

elasticity is assumed to be valid for infinitesimal strains, 
then the initial tangent modulus obtained from the ten- 
sion test should compare favorably with the modulus 
obtained from the torsion test. 

A method to measure a triaxial strain energy WT is 
described in Ref. 2. The method consists of an inflated 
cylinder test in which the triaxial strains are measured 
and the triaxial stresses are computed. A possible expres- 
sion for the strain energy function then becomes 

The interrelationship between modulus and strain 
energy for an elastic material that satisfies infinitesimal 
elastic theory is ( p  = M) 

according to the kinetic theory of rubber-like elasticity, 
the torsional strain energy W, is 

1 1 
2 2 W m  = -G(Zi - 3) = - NokT(Z1 - 3)  (13) 

It can be shown (Ref. 29) that the strain invariants 
associated with the torsion of a right circular cylinder 
of homogeneous, isotropic, incompressible material may 
be expressed as 

One can then assume that an approximate value for tor- 
sional strain energy in a rectangular beam takes the form 

An approximate change in torsional strain energy with 
irradiation can thus be estimated for small shears as 

W G 
I+’,, Go 
- - -  

Equations (1) to (16) represent physical property pa- 
rameters that may possibly be applicable to describe 
irradiation degradation in the polyurethane propellant. 
Note that it is assumed throughout that the oxidizer is 
unaffected by the irradiation and that all the degradation 
in physical properties is due to changes in the bulk phase 

5 
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of the binder, i.e., possible interfacial changes are also 
excluded. However, the information obtained from the 
above parameters is probably sufficiently accurate to use 

with contemporary propellant structural analysis meth- 
ods. AS such, these results can serve as the basis for more 
advanced studies. 

111. EXPERIMENTATION 

Eighteen propellant specimens, which were supplied 
by the Jet Propulsion Laboratory (JPL), were divided into 
six groups. Each group consisted of the following: 

1. One tubular propellant grain 3 in. in diameter and 
4 in. long (b/a = 2). 

2. One JANAF tensile bar. 

3. One specimen for obtaining auxiliary data. 

The specimens were irradiated with gamma radiation 
from the 10,000-Curie cobalt-60 facility at Aerojet- 
General Corporation. It was assumed that the samples 
were homogeneously irradiated. Dosimetry was per- 
formed during irradiation, and the following dosages 
were measured for the six groups: 

Irradiation, 
rad X lo5 Group 

1 4.4 
2 24.3 
3 75.1 
4 119.2 
5 145.7 
6 0 

After irradiation, the specimens were subjected to the 
tests described below. 

A. Swelling Test 

Four 0.25-in.3 samples were cut from the auxiliary 
specimen of each group, and their initial weights (Wi) 
were recorded. These propellant cubes were then im- 
mersed in 200 times their volume of anhydrous reagent 
benzene. All samples were then removed and weighed 
(W,) after reaching their equilibrium swelling state. The 
absorbed solvent was removed from the samples by 

drying in a vacuum. The final weight (W,) was then 
recorded. By using Eq. (l), (2), and (3), M, was then 
calculated, and the sol fraction s was obtained via Eq. (6). 

B. Torsion Test 

Samples were cut from the auxiliary specimen of each 
group, and were machined to the dimensions of 0.25 X 
1.50 X 0.05 in. These samples were immersed in a 
temperature-controlled silicone bath while the torsion 
head (not the propellant sample) was twisted through 
180 deg (Ref. 27). The loading was maintained for 10 sec 
and the resulting angle + was read. The average molecu- 
lar weight between cross-links M ,  was approximated via 
Eq. (4), (S), (7), and (8). The angle of twist of the pro- 
pellant sample is infinitesimal if a wire with a small tor- 
sion constant is used to apply a twist. 

C. Uniaxial Tension Test 

The JANAF tensile bars were elongated in a tension 
machine. Strains were computed from grid displacements 
via a 70-mm camera. True stress was computed from the 
tensile load and the actual cross-sectional area. 

D. Multiaxial Tension and Compression Tesf 

The inflated cylinder test, which consists of pressuriz- 
ing a greased rubber bag within the cavity of the un- 
restrained propellant grain, measures both the tensile 
circumferential strains and the compressive radial strains, 
which are analogous to the strain states in operational 
motors. This test was applied to the propellant grain speci- 
men in each test group. Triaxial strains were measured 
with a birefringent coating in conjunction with a longi- 
tudinal extensometer, and the three-dimensional stresses 
were approximated from the property-independent stress 
equations. 

6 
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IV. DISCUSSION 

I 

Figure 4 illustrates how the sol fraction, Eq. (6), in- 
creases with greater irradiation dosage as a power func- 
tion. The plot on log-log graph paper is linear and is 
typical of the values measured for an unfilled irradiated 
binder. Thus, it may be inferred that the propellant was 
irradiated in a random manner. The similarity between 

cates that the propellant samples may have received 
identical dosages or that a plateau was reached. The 
value of the swelling ratio q exceeded 11.5, indicating that 
a proper solvent (benzene) was used (Ref. 30). Another 
interesting observation is that an increase in sol fraction 
was observed for a second swelling experiment performed 
on a propellant that had been stored for 8 months after 
the first experiment. This indicates that degradation in 
terms of chain scission in the binder increased during 
this period. 

the se! frac$=ns. at Lhc highest !el/& =f irradiatiofi in&;- 

IO' 

/ '  
/// 4 

The molecular weight per cross-link ( M , )  based on the 
kinetic theory of rubber-like materials (Eq. l), increases 
with irradiation dosage as shown in Fig. 5. The value 
of M ,  via torsional data, Eq. (4), is also shown in this 
figure. The disagreement is very evident. Factors that 
contribute to the discrepancy, aside from the basic theory, 
are dependent on the correction factor for filler material. 
Figure 3 illustrates the isotropic dewetting that occurs 
during swelling. Corrections for this phenomenon were 
questionable for the polyurethane propellant investigated 

0 Mc FROM TORSION EXPERIMENT AT 20 OC 
0 Mc FROM SWELLING EXPERIMENT AT 20 "C I 1 

lo- 0 0 20 40 60 80 100 120 140 16 

IRRADIATION, rad x IO5 

Fig. 5. M, as a function of irradiation 

(this may have been due to an excess of voids in the pro- 
pellant). In any event, no significant volume change could 
be observed for the different irradiated samples whose 
initial dimensions were the same (Eq. 2 and 3) .  Thus 
Eq. (2a) and (3a) had to be used. The torsional data were 
also corrected for filler content (Eq. 5). Another observa- 
tion not shown in the figure was that degradation due 
either to polyurethane-moisture degradation or to post- 
irradiation degradation was observed for swelling experi- 
ments performed upon the same propellant 8 months 
after the initial testing. The significance of this latter 
observation is that irradiation damage may increase with 
time even though the radiation field is removed. Further 
study of this observation is warranted. 

The degradation of the tensile strength of the poly- 
urethane is illustrated in Fig. 6 for the JANAF bars. The 
entire stress-strain curve is lowered for differing irradia- 
tion levels; thus the observation of maximum stress and 
strain as described in the literature should be sufficient 
to characterize irradiation damage. 

The 10-sec shear modulus vs. temperature for various 
irradiation levels is shown in Fig. 7. This experiment 
was performed for infinitesimal strains. The modulus does 
not increase with temperature as would be required if 
the propellant followed the kinetic theory of rubber-like 

7 
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leal IDATA OBTAINED FROM JANAF I 
TENSILE BARS 

LONGITUDINAL STRAIN c, in./in 

Fig. 6. Stress vs. strain a t  different irradiation levels 
(uniaxial tension) 

I300 

DATA OBTAINED USING TORSION 
A P P A R A T U S  D E S C R I B E D  1 

I I I I I 

IO 20 30 40 5 0  60 70 0 

Fig. 7. Ten-second modulus vs. temperature a t  different 
irradiation levels (torsion apparatus) 

T E M P E R A T U R E ,  ' C  

elasticity. These data also agree with the tensile data 
found in Ref. 16 and 17. 

A comparison between the initial modulus obtained for 
the shear experiment and the initial tangent modulus 
obtained graphically from Fig. 6 is shown in Table 1. 

The comparisons are very favorable and suggest that 
the torsion experiment is a simple, expedient method to 

8 

measure changes in initial physical properties. For that 
matter, it is surmised that this simple torsion test may 
feasibly replace the tension test for quality control. 

The uniaxial strain energy obtained from the tension 
data (Eq. 9) is shown in Fig. 8 as a function of the first 
strain invariant. The similarity to the stress-strain rela- 
tionship is evident. The recoverable energy W, decreases 
with irradiation, indicating degradation as would now be 
expected. 

Fig. 8. Uniaxial strain energy vs. first strain invariant 

6 
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FIRST STRAIN INVARIANT, 11 

Fig. 9. Multiaxial strain energy vs. first strain invariant 
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Irradiation dosage 
rad X lo5 

0 
4.4 

24.3 
75.1 

119.2 
145.7 

Table 1. Comparison of torsion and tension test data 

Tangent modulus Et (tension test), psi 
Initial modulus 

e, = 0.02 ti = 0.04 Average el E (torsion test), psi 

1,280 1,030 1,155 1,060 
1,280 1,030 1,155 890 
1,110 900 1,005 780 

820 640 730 630 
630 580 605 4vn 
630 580 605 480 

x = w / W o  
0 = W/Wo 
0 = W/Wo,  CYLINDER AT 4 = 3.05 
A = W/ Wo, TENSION AT 1, ~3.05 

M,,/& SWELLING AT 20 OC 
G/Go, TORSION AT 70 O C  

IRRADIATION, rad x IO5 

Fig. 10. Strain energy ratio vs. irradiation for the four different experiments 

The multiaxial strain energy obtained from the inflated 
cylinder test (Eq. 11) is shown in Fig. 9 as a function of 
the first strain invariant. Comments similar to that for the 
uniaxial strain energy apply except that the magnitude 
of the multiaxial strain energy is about half that of the 
uniaxial strain energy. 

A comparison between the ratio of the irradiated strain 
energy divided by the original strain energy for the vari- 

ous experiments and the irradiation dosage is shown in 
Fig. 10. The uniaxial strain energy should be considered 
as the reference since it was obtained in the most direct 
fashion (Eq. 9). The multiaxial cylinder strain energy 
(Eq. 11) is seen to agree reasonably well with the refer- 
ence. The torsional strain energy (Eq. 16) deviates con- 
siderably, although the basic degradation trend is evi- 
dent. This deviation might have been expected since the 
strain energy ratio was only approximated; furthermore, 
the swelling strain energy ratio change is not reasonable. 

9 
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V. CONCLUSIONS 

The results obtained in this study indicate that: 4. The degradation response obtainable from a uni- 
axial test typifies the degradation response of ir- 
radiated propellant obtained from multiaxial tests. 1. M c  does not appear to be a sensitive measurement 

of degradation from ionizing radiation in composite - 

propellant. 

2. The torsion test is a simple and expedient method 
that may be used to study moduli quantitatively. 

3. Certain aspects of the kinetic theory of rubber elas- 
ticity are not quantitatively applicable to poly- 
urethane propellant. 

5. The mechanical properties of polyurethane solid 
propellants degrade significantly for irradiation dos- 
ages greater than lo6 rads. 

6. The sol fraction obtained with the swelling experi- 
ment is a useful indicator of degradation. 

NOMENCLATURE 

a 

b 
C 

d 
E 

EO 
Et  

f 

G 

GO 
zi 

k 
K 
L 

MC 

n 

nl 
N 

NO 

1 0  

inner radius of a thick-wall cylinder, in. 
outer radius of a thick-wall cylinder, in. 
width of torsion test specimen, cm 
thickness of torsion test specimen, cm 
tensile modulus of propellant, Ib/in.? 
tensile modulus of binder, lb/in.* 
tangent modulus 
functionality of the cross-linking, i.e., the number 

of chain ends united in one cross-link = 3 
(Ref. 3, 30) 

shear modulus, lb/in.’ 
non-irradiated shear modulus 
strain invariants 
Boltzmann’s constant 
torsion wire constant, g-cm/deg 
length of torsion specimen, in. 
average molecular weight between cross-links, 

number of moles of network chains per unit 

mole fraction of solvent 
number of lattice points in a crystal lattice 
number of network chains in a sample whose 

gm/mole 

volume 

initial length and cross-sectional area are L 
and A, respectively 

q 1/u2 = swelling ratio 

T 

R gas constant (1406.238 p~i-cm~/mole-~K) 

s sol fraction 

T absolute temperature (OK) 

u 

radius of a cylindrical specimen 

a function of the cross-sectional geometry 

volume fraction of the relaxed network 

(Ref. 28) 

uo 
u ,  volume fraction of solvent 

v2 volume fraction of polymer in the swollen gel in 

volume fraction of polymer in the original 
equilibrium with the solvent 

propellant 
Ob 

01 volume fraction 
V weight swelling ratio (the swollen weight W, 

divided by the initial dry weight Wi) 
= l/u, 

Ref. 3, Ref. 31) 
V, molar volume of the solvent (89.4 cm3/mo1e, 

volume of extractable polymer (sol) V, 
V, original volume of propellant 

Vsr 

Wf 

Wi initial weight of propellant 

volume of solvent taken up by the specimen 
final weight of propellant sample after sol 

extraction 
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torsional strain energy V 

non-irradiated strain energy P 
swollen weight of propellant and solvent at U 

4 
4 m a x  

equilibrium 
triaxial strain energy 
uniaxial strain 

strain, in./in. 
x1 

Poisson’s ratio * 

effective number of chains per unit volume 
density, g/cm3 
stress, lb/in. 
volume fraction of filler 
maximum volume fraction of filler 
polymer-solvent interaction parameter (0.33, 

angle of twist of the torsion specimen, rad/in, 
Ref. 32) 
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